Familial Mediterranean Fever (FMF) is a recessively inherited systemic autoinflammatory disease caused by mutations in the MEFV gene. The frequency of different disease alleles is extremely high in multiple populations from the Mediterranean region, suggesting heterozygote advantage. Here, we characterize the sequence variation and haplotype structure of the MEFV 3 0 gene region (from exon 5 to the 3 0 UTR) in seven human populations. In non-African populations, we observed high levels of nucleotide variation, an excess of intermediate-frequency alleles, reduced population differentiation and a genealogy with two common haplotypes separated by deep branches. These features are suggestive of balancing selection having acted on this region to maintain one or more selected alleles. In line with this finding, an excess of heterozygotes was observed in Europeans and Asians, suggesting an overdominance regime. Our data, together with the earlier demonstration that the MEFV exon 10 has been subjected to episodic positive selection over primate evolution, provide evidence for an adaptive role of nucleotide variation in this gene region. Our data suggest that further studies aimed at clarifying the role of MEFV variants might benefit from the integration of molecular evolutionary and functional analyses.
Introduction
Familial Mediterranean Fever (FMF, MIM #249100) is prototype of a group of disorders, termed systemic autoinflammatory diseases, characterized by recurrent episodes of fever and sterile peritonitis, arthritis and pleuritis, and gradual development of nephropathic amyloidosis. 1 The disease is recessively inherited and caused by mutations in the MEFV (Mediterranean fever) gene. 2, 3 Pyrin (or marenostrin), the protein product of MEFV, is a 781-amino acid protein expressed in most types of white blood cells 4 and involved in pivotal cellular processes such as apoptosis, cytoskeletal signaling and cytokine secretion. 5 Although its precise role in inflammatory processes is still unknown, pyrin has been shown to interact with an adaptor protein denoted apoptosis-associated speck-like protein with a CARD through its PYRIN N-terminal domain 6, 7 and to regulate caspase-1 activation and IL1-b production. 7 More recently, the C-terminal B30.2 domain of pyrin was demonstrated 8 to directly interact with and inhibit caspase-1, the net result being an attenuation of IL1-b activation. Interestingly, pyrin molecules carrying mutations in the C-terminal B30.2 domain were shown 8 to be less efficient in binding caspase-1 and, therefore, in suppressing interleukin activation. This observation is relevant to our understanding of MEFV function and evolution as most FMF mutations cluster within the C-terminal protein domain. 9 FMF shows a high prevalence in the Mediterranean region, and carrier frequencies ranging from 1:3 to 1:5 have been described 9 in some populations, such as Jews, Arabs, Turks, Armenians and Italians (ITs). Up to now 450 disease-associated mutations have been described (INFEVERS, The registry of FMF and Hereditary Autoinflammatory Disorders Mutations; http://fmf.igh.cnrs. fr/ISSAID/infevers/), yet five of them, E148Q, M680I, M694 V, M694I and V726A account for about 70-80% of cases in the Mediterranean areas. 9 Except for E148Q, all other founder mutations are located in exon 10, coding for the B30.2 domain. Moreover, 4 out of 5 additional mutations showing high frequency in specific populations are also located in exon 10. 9 The high frequency of carriers in multiple populations and the presence of distinct disease alleles suggest that heterozygote advantage rather than genetic drift is the cause of FMF prevalence in the Mediterranean area. In particular, the above-described evidences led to the speculation 8 that C-terminal MEFV mutations, resulting in increased IL1-b activation, might confer stronger innate immune responses against pathogens. Heterozygote advantage, also referred to as overdominance, results in balancing selection, a situation whereby greater than neutral levels of polymorphisms are maintained in a population.
Here, we present evidence that balancing selection has shaped nucleotide diversity and maintained two divergent haplotype lineages in the 3 0 region of the MEVF gene, possibly providing evidence to the long-standing hypothesis of selective advantage for FMF mutations.
Results
Nucleotide diversity and neutrality tests As most FMF recurrent mutations are located in the C-terminal protein region and given the earlier description of exon 10 having been subjected to episodic positive selection in primates, 10 we wished to verify whether evolutionary neutrality could be rejected for the 3 0 MEFV region. To this aim, a 5.3-kb region (MEFV ex5ÀUTR ) ranging from exon 5 to the gene end was sequenced in five human populations, namely Asians (AS), Yorubans (YRI), Australian Aborigines (ABO), South American Indians (SAI) and ITs. Data concerning two additional populations of European (EA) and African American (AA) descent were derived from the Innate Immunity in Heart, Lung and Blood Disease Programs for Genomic Applications web site (IIPGA, http://innateimmunity.net). Analysis of SNPs in the MEFV ex5ÀUTR region for the 7 human populations revealed the presence of a total 57 variants. The mild I591T mutation 11 was identified in two subjects, one AA and one EA. Two additional amino acid changes were identified in two IT subjects: the A744S has been shown earlier to be responsible for FMF (INFEVERS, The registry of FMF and Hereditary Autoinflammatory Disorders Mutations; http://fmf.igh. cnrs.fr/ISSAID/infevers/), whereas an A701 V substitution has never been reported earlier and its relevance to disease is unknown. Nucleotide diversity was assessed using two indices: y W , 12 an estimate of the expected per site heterozygosity, and p, 13 the average number of pairwise sequence nucleotide differences. As shown in Table 1 , in all populations higher p compared with y W values are observed, indicating an excess of intermediate-frequency variants.
Tajima's D, 14 Fu and Li's D* and F* 15 are commonly used statistics that evaluate departures of the allelic frequency distributions from the expected patterns of neutral variation by comparing different estimates of nucleotide variation. It should be noted that population history, in addition to selective processes, is known 14, 16 to affect frequency spectra and all related statistics such as Tajima's D and Fu and Li's D* and F*; in particular, positive values of the statistics are expected under a scenario of population contraction. 14, 16 One possibility to circumvent this problem is to exploit the fact that selection acts on a single locus whereas demography affects the whole genome. We therefore calculated the 95th percentile values for p, Tajima's D and Fu and Li's F* and D* in the distribution of 5 kb windows deriving from 232 genes resequenced in AA, EA, AS and YRI by the NIEHS SNPs Program (http://egp.gs.washington.edu; NIEHS panel 2); these data are not available for ABO and SAI.
As shown in Table 1 , for all populations p values calculated for the MEFV ex5ÀUTR region rank high in the distribution of NIEHS genes; similarly, most statistics in EA and AS display higher values than the 95th percentile, indicating that selection, rather than demography, might be involved. The same holds true for YRI but not for AA, the latter displaying values below the 95th percentile.
A second possibility to disentangle the effect of demographic history from selection is to apply population genetics models, which take demography into account. Different such models have been proposed but none of them specifically incorporates demographic parameters for SAI and ABO; these populations were therefore applied the standard neutral model (Supplementary Table 1 ). Table 1 shows the results we obtained by using a calibrated model, 17 which is based on the ability of generating realistic data rather than relying on Table 1) .
Under neutral evolution, the amount of within-species diversity is predicted to correlate with levels of betweenspecies divergence, as both depend on the neutral mutation rate. 20 The HKA test 21 is commonly used to verify whether this expectation is verified. We applied a maximum-likelihood-ratio HKA (MLHKA) test 22 by comparing polymorphisms and divergence levels at the 3 0 end of MEFV with 16 reference gene regions resequenced in AA, YRI, EA and AS. The MLHKA test rejected the hypothesis of neural evolution at the 3 0 of MEFV in all populations (Table 2) , a result further supporting the idea that balancing selection has been acting on this gene region. It is worth mentioning that the test relies on the assumption that the reference loci we selected are neutrally evolving; we addressed this point by calculating Tajima's D and verifying that no significant deviation from neutrality is observed; 23 yet, Tajima's D (and similar tests based on the allelefrequency spectrum) might have low power to detect departure from neutrality under specific conditions. 24 Still, taking into account the fact that the majority of human genes are neutrally evolving, we consider the data we obtained provide a reliable inference of selection acting on MEFV.
Population genetic differentiation, quantified by F ST , 25 can also be used to detect the signature of balancing selection. In particular, lower F ST values are expected at loci under balancing selection compared with neurally evolving ones. 26, 27 F ST among AA, EA and AS was 0.021, much lower than the genome average of 0.123 27 and not significantly different from 0 (P ¼ 0.10); consistently, an F ST value of 0.021 corresponds to the 0.034 percentile in the distribution of 232 F ST values calculated for 5 kb windows from NIEHS genes among the same three populations.
Haplotype and genotype analysis One effect of balancing selection is to preserve two or more major haplotype lineages, each containing a common haplotype, and resulting in clades separated by deep branches. To examine the genealogy of MEFV haplotypes, we built a median-joining network. The topology of this network ( Figure 1 ) displays two major clades (haplogroups 1 and 2) separated by long-branch lengths, each containing common haplotypes. One additional minor clade constituted of six African chromosomes is also observed (haplogroup 3). A table reporting all haplotypes and their frequency in the seven populations is available as supplemental information (Supplementary Table 2) .
We next wished to estimate the TMRCA (Time to the Most Recent Common Ancestor) of the two major haplotype clades (haplogroups 1 and 2). To this aim, we applied a phylogeny-based method 28 and estimated a TMRCA of 1.76 MY (s.d.: 461 KY). The same calculation for the whole genealogy estimated a TMRCA of 2.28 MY (s.d.: 567 KY).
Given the relatively low recombination rate in the region, we wished to verify this result using GENETREE, which is based on a maximum-likelihood coalescent analysis. 29, 30 The resulting gene tree, rooted using the chimpanzee sequence, is partitioned into two deep branches that correspond to haplogroups 1 and 2 plus a minor branch accounted for by haplogroup 3 ( Figure 2 ). Using this method, the TMRCA of the two major MEFV haplotype lineages amounted to 1.61 MY, whereas a slightly deeper TMRCA (1.77 MY) is obtained for the full genealogy (that is including haplogroup 3).
Deep haplotype genealogies might result from both balancing selection and ancient population structure (reviewed in Garrigan et al.
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). Yet, balancing selection is expected to elongate the entire neutral genealogy, whereas the effects of ancient population structure are reflected in an increase in the genealogical time occupied by single lineages. 32, 33 A possibility to discriminate between these two scenarios is to calculate the percentage of congruent mutations, meaning those that occur on the basal branches of a genealogy. 33 When this approach is applied to the two major clades (that is haplogroups 1 and 2), a percentage of congruent mutations equal to 20% is obtained; this is much lower than earlier estimates under a model of ancient population structure that ranged from 42 to 45%, 34, 35 suggesting that balancing selection rather than population subdivision is responsible for the maintenance of the two clades. Conversely, the presence of a third minor haplogroup restricted to Africa and with a deeper TMRCA, might be explained by ancient population structure in the African continent.
Balancing selection might result from different causes, one of them being heterozygote advantage (also known as overdominance). To verify whether this is the case for the MEFV ex5ÀUTR region, for each population we calculated the ratio of observed heterozygosity to expected gene diversity. This same ratio calculation has recently been applied to human HapMap SNPs and threshold values for inference of overdominance had been set to 1.160, 1.165 and 1.167 for YRI, EU (European) and AS, respectively. 36 To obtain a further estimate of the parameter distribution in the human genome, ratios were also calculated for the 5 kb windows deriving from NIEHS genes ( Figure 3 ). As shown in Table 3 , the observed heterozygosity to expected gene diversity for the MEFV ex5ÀUTR region falls above the 95th percentile values obtained from either NIEHS genes or HapMap SNPs in both EA and AS but not in the remaining populations with available comparisons. Comparison with other primates Finally, we sequenced the region orthologous to MEFV exon 10 in 3 chimpanzees and 4 macaques. Only one coding variant was identified in Pan troglodytes; it was not shared with humans, as expected, as the inferred divergence age of the two human haplotype clades largely postdates the time of human/chimpanzee separation. Interestingly, the variation, already described in dbSNP (rs25915108), results in the S747C substitution (residue numbering as in humans) and occurs at presumably high frequency (we found 3 S and 3 C alleles). Analysis of earlier sequenced 10 pyrin genes in primates indicated that the S747 allele is shared with humans, Gorilla and Orangutan and, therefore, likely represents the ancestral chimpanzee allele; conversely, the C747 variants is present in some more evolutionary distant primates. As far as macaques are concerned, two coding polymorphic sites were identified, resulting in synonymous substitutions.
Discussion
Overall, the data we report here strongly suggest that nucleotide diversity in the 3 0 region of MEFV has been Balancing selection at the MEFV locus M Fumagalli et al shaped by balancing selection in non-African populations. This is in line with the region harboring most mutations with high prevalence in multiple populations 9 and with these mutations being very old.
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By analyzing the MEFV ex5ÀUTR region in seven human populations, we observed high levels of nucleotide variation, an excess of intermediate-frequency alleles, reduced population differentiation and a genealogy with common haplotypes separated by deep branches. In particular, application of neutrality tests based on allele-frequency spectra allowed firm rejection of the neutral model for non-African populations only. Consistent with these findings and with overdominance being the underlying cause of balancing selection, an excess of heterozygotes was observed in non-African populations but not in African ones. To take into account the confounding effects of population history, we compared our data with both empirical and theoretical expectations. As an empirical control for demographic effects, we compared the MEFV ex5ÀUTR region with a large set of loci resequenced in different human populations: analysis of their distribution indicated that in most non-African populations all MEFV statistics rank above the 95th percentile. In line with these findings, when coalescent simulations were performed under different demographic scenarios, neutral evolution was rejected for non-African populations under most models, whereas analysis of AA and YRI often yielded marginally significant or nonsignificant statistics. In this respect, it is worth mentioning that in the case of ABO and SAI no empirical comparison could be performed due to the lack of extensive resequencing data; also, little information is available on these samples from a population genetics perspective so that we cannot formally rule out the possibility that some level of population substructure in these samples partially affects our results. Still, the expected/observed heterozygosity ratio tends to be high (especially for ABO), suggesting that selection might be acting in these populations.
As far as African populations are concerned, the situation is complicated by the presence of an additional highly divergent clade displaying lower frequency compared with haplogroups 1 and 2. This observation, together with the deeper TMRCA of the MEFV minor clade, suggests that haplogroup 3 ( Figures 1 and 2) is accounted for by ancient population structure in the African continent, in line with the idea that African populations have been more subdivided compared with non-African ones. 31, [37] [38] [39] [40] [41] [42] We used two different methods to infer the TMRCA of the two major MEFV haplotype clades: estimates vary slightly depending on the method used, yielding a rough estimation of B1.70 MY with wide confidence intervals. Estimates of TMRCAs for neutrally evolving autosomal human loci range between 0.8 and 1.5 MY; 42 therefore, the TMRCA we estimated for MEFV, although not exceptional, is deeper than for most neutrally evolving loci. In line with these considerations, it should be noted that the TMRCA does not correspond to the age at which selection has been acting, as neutral polymorphisms can persist in populations for time periods that depend on effective population size and generation time. The TMRCA is not therefore in contrast with the weak selection signatures in African populations. Rather, the question remains as to what selective pressure has been responsible for the establishment and maintenance of balancing selection at the MEFV locus.
An earlier analysis 10 of inter-species divergence of pyrin exon 10 in a number of primate species indicated that human FMF mutations often recapitulate ancestral amino acid states; the authors also indicated that the C-terminal pyrin domain has been subjected to episodic positive selection over primate evolution, with environmental pathogens possibly providing the underlying selective pressure. Our intra-species analysis suggests that nonneutral evolution of MEFV has characterized human history, as well, and the two studies point to the common vision whereby variation in the 3 0 gene region has some adaptive significance. We are presently unable to determine whether the chimpanzee S747C variant implies some altered pyrin function and, in this case, what the forces responsible for its maintenance are. Still, it might be interesting to notice that the derived C747 allele, in analogy to human FMF variants, 10 represents reversal to an ancestral amino acid state.
Balancing selection is thought to be rare in humans; 43, 44 up to now most descriptions involve immune response Balancing selection at the MEFV locus M Fumagalli et al loci, 45 with MHC genes probably representing the bestknown example. 46 More recently, genes not directly involved in antigen recognition have been described as targets of balancing selection. For example, these include cytokine genes or their receptors, as exemplified by CCR5, IL1F10, IL1F7, IL18RAP, IL7R and IL4R; [47] [48] [49] similarly, b-defensisns 50, 51 and genes encoding bloodgroup antigens 23 have been shown to be frequently subjected to balancing selection. In all these cases, the underlying selective pressure has not been ascribed to one specific infective agent; rather, in analogy to MHC genes, 52 it has been hypothesized 23, 48 that pathogen diversity in terms of different species or genera might underly the maintenance of balanced polymorphisms at some blood group antigen and interleukin genes. These observations are consistent with the fact that one possible reason for the establishment of balancing selection is represented by variable environmental conditions (for example different pathogens being active in different times and places) and therefore that different alleles might afford protection from different pathogens.
Another possible explanation for the maintenance of balanced polymorphisms is heterozygote advantage. Convincing demonstrations of overdominance have been provided for a small number of human genes including glucose-6-phosphate dehydrogenase, 53 hemoglobin-b, 54 the cystic fibrosis transmembrane conductance regulator, 55 a member of the interleukin-1 family (IL1F5) 48 and the Kidd blood group antigen gene; 23 in all these cases, the responsible selective pressure is thought to be accounted for by an infectious agent. 56 Our data indicate that balancing selection maintaining two major lineages at the MEFV ex5ÀUTR region is likely due to overdominance in Caucasians and AS; indeed, a number of heterozygotes higher than expected is observed in these populations and in the case of EAs the deviation we observed for MEFV is the most extreme in the set of NIEHS genes (Figure 3 ). Overdominance might stem from different effects; in the case of G6PD and HBB mutations, for example, heterozygotes are partially protected from malaria; 53, 54 alternatively, heterozygotes might experience increased immune response flexibility by modulating allele-specific gene expression in different cell types 57 and in response to diverse stimuli/cytokines. 58 This effect possibly applies to the promoter regions of DEFB1, 51 CCR5 47 and FUT2 23 and might be more likely to apply when balanced polymorphisms are maintained in regulatory (rather than coding) regions, as is the case of MEFV.
It is worth noting that no heterozygote excess was observed among ITs, a population with a reportedly 59 high frequency of FMF (not confirmed in this survey). Yet, it should be pointed out that none of the most common FMF mutations was identified in our subjects (either IT or of different geographic origin), suggesting that the maintenance of disease-associated mutations in Mediterranean populations and the persistence of the two major lineages we observe here are accounted for by different evolutionary processes. Indeed, the high frequency of FMF mutations in a relatively restricted geographic region suggests that it represents a more recent phenomenon compared with the observed maintenance of the two balanced haplotype clades in global populations. We are presently unable to determine whether the selective pressure(s) responsible for both processes is the same or not and we can only speculate about its nature. Still, the pathogen resistance hypothesis remains an attractive explanation both for FMF in the Mediterranean area and for our findings, also being consistent with the role of pyrin in the IL1-b signaling pathway. [6] [7] [8] It has been noticed that exposure to infectious diseases might have increased as humans progressively came in contact with wild animals through hunting and scavenging 60 and as a consequence of expanding population sizes that allowed infection spread and maintenance. 61 It is therefore conceivable that at some point in human history variation in the terminal region of MEFV might have become adaptive by conferring some resistance to one or more pathogens. Subsequently, populations living in different geographic areas might have adapted to local environmental pathogens with the appearance and maintenance of specific genetic variants as those we now observe at high frequency in the Mediterranean area. Yet, it should be noted that no obvious selective benefit for pyrin mutation carriers has been identified, [62] [63] [64] although some authors have reported that patients and carriers might be protected from atopy, 65 asthma 66 and allergy. 63, 65 Recently, it has been proposed that hypomorphic pyrin variants might have been selected due to their conferring resistance to brucellosis 67 or tuberculosis 68 but no direct evidence has been provided. An alternative possibility is that the ancient adaptive significance of MEFV variants (that is the presence of a balanced polymorphism maintaining the two major clades) is due to reasons totally different from pathogen resistance and relating to still unknown pyrin functions. In this respect, it might be worth mentioning that polymorphisms in genes coding for proteins in the IL1-b pathway have been associated with increased risk of spontaneous abortion 69 and preterm delivery. 70 In particular, in the case of IL1B both the maternal and fetal genotype have been shown to play a role. 70, 71 Given its functioning as a regulator of IL1-b activation, pyrin might therefore be involved in pregnancy outcome. This effect might be particularly important after intrauterine infection, 72 which in turn represents an important risk factor for preterm delivery. 73 Albeit preliminary, these observations might explain the observed excess of heterozygotes at the MEFV locus and fit the indication whereby genes with an effect on reproduction, in analogy to immune response genes, can be frequent targets of balancing selection. 74 Further studies, possibly integrating molecular evolutionary and functional analyses, are required to clarify the reasons why MEFV has been a target of natural selection during early human history and to identify the underlying causes of FMF prevalence in modern populations. PCR products were treated with ExoSAP-IT (USB Corporation Cleveland, OH, USA), directly sequenced on both strands with a Big Dye Terminator sequencing Kit (v3.1 Applied Biosystem, Foster City, CA, USA) and run on an Applied Biosystems ABI 3130 XL Genetic Analyzer (Applied Biosystem). Sequences were assembled using AutoAssembler version 1.4.0 (Applied Biosystems), inspected manually by two distinct operator and singletons were re-amplified and resequenced.
Materials and methods

DNA samples and sequencing
Data retrieval and haplotype construction MEFV genotype data for American subjects with either African (AA) or EA descent were retrieved from the IIPGA website (http://innateimmunity.net).
Genotype data for 232 resequenced human genes were derived from the NIEHS SNPs Program web site (http://egp.gs.washington.edu/). In particular, we selected genes that had been resequenced in populations of defined ethnicity including AA, EA, Yoruba (YRI) and AS (NIEHS panel 2). As detailed in the text, for each gene a 5-kb window was randomly selected; the only requirement was that it did not contain any long (4500 bp) resequencing gap; if the gene did not fulfill this requirement it was discarded, as were 5 kb regions displaying o5 SNPs. The number of analyzed regions for AA, YRI, EA and AS were 207, 203, 193 and 186, respectively.
Haplotypes were inferred using PHASE version 2.1, 75,76 a program for reconstructing haplotypes from unrelated genotype data through a Bayesian statistical method. Haplotypes for ABO, AS, YRI, SAI and IT individuals are available as supplemental information (Supplementary File 2) .
Statistical analysis
Tajima's D, 14 Fu and Li's D* and F* 15 statistics, as well as diversity parameters y W 12 and p 13 were calculated using libsequence, 77 a Cþþ class library providing an objectoriented framework for the analysis of molecular population genetic data. Departure from neutrality was tested from coalescent simulations computed with the cosi package 17 and its best-fit parameters for YRI, AA, EA and AS populations with 10 000 iterations.
Additional simulations were performed with the ms software 78 and parameters for each demographic model were set as proposed earlier. 18, 19 Estimates of the population recombination rate parameter r H01 were obtained from diploid data by a composite likelihood method, with the use of the Web application MAXDIP 79 (http://genapps.uchicago.edu/ maxdip/).
The F ST statistic 25 estimates genetic differentiation among populations and was calculated as proposed earlier. 80 Significance was assessed by permuting 10 000 times the haplotype distribution among populations. 81 The MLHKA test was performed using the MLHKA software 22 using multilocus data of 16 NIEHS genes as described earlier; 23 briefly, Pan troglodytes (NCBI panTro2) was used as an outgroup and the 16 reference genes were randomly selected among NIEHS loci shorter than 20 kb that have been resequenced in the four populations (YRI, AA, EA and AS; panel 2); the only criterion was that Tajima 0 s D did not suggest the action of natural selection.
The median-joining network to infer haplotype genealogy was constructed using NETWORK 4.5. 28 A first estimate of the time to the most common ancestor (TMRCA) was obtained using a phylogeny-based approach implemented in NETWORK 4.5 using a mutation rate based on 50 fixed differences between chimpanzee and humans in the 5.3-kb MEFV ex5ÀUTR region.
The second TMRCA estimate derived from application of a maximum-likelihood coalescent method was implemented in GENETREE. 29, 30 The method assumes an infinite-site model without recombination and, therefore, haplotypes and sites that violate these assumptions need to be removed: out of 304 chromosomes, 12 had to be excluded, as did 6 single segregating sites. Again, the mutation rate m for the MEFV ex5ÀUTR region was obtained on the basis of the divergence between humans and chimpanzees and under the assumption that both the species separation occurred 6 MYA 82 and of a generation time of 25 years. Using this m and y maximum likelihood (y ML ¼ 5.6), we estimated the effective population size parameter (N e ¼ 17678). With these assumptions, the coalescence time, scaled in 2N e units, was converted into years. For the coalescence process, 10 6 simulations were performed.
All calculations were performed in the R environment (www.r-project.org).
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